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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Many studies have been carried out with the aid of thermal scanners for the analysis of the thermoelastic effect on materials. In 
particular, for tensile stresses, the gradient is negative and the thermal variations are proportional to the stress applied in the purely 
elastic phase. Thermoelastic analysis of materials from the static tests have shown that it is possible to detect information on the 
dynamic (fatigue) behavior. 
One of the main problems that occur in following the local thermal behavior in a static test is that of dimensional correction and 
tracking of the measuring point (spot). These do not allow to follow the same investigated area, that progressively undergoes a 
displacement as load increases. 
The purpose of this work, based on previous experiences, is to implement an algorithm and to define a procedure that allows the 
tracking of the area thermally investigated that, as the load increasing, inevitably undergoes a displacement. The radiometric spots 
on the specimen, selected at the beginning of test, are progressively updated by following thermographic frames. The displacement 
information derived from the Digital Image Correlation (D.I.C.), simultaneously was applied on the same specimens. This 
procedure can better define the trend of temperature changes during the static tensile test and can be used to measure the stress 
concentration factors in notched specimens. 
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1. Int oductio  
Many studies, conducted using thermal scanners and image analysis, have shown that the thermoelastic effect is 
also detectable under static load, even if with different thermoelastic parameters (Geraci et al. (1995), Clienti et al. 
(2010), La Rosa and Risitano (2014), Risitano et al. (2010, 2012, 2013), Vergani et al. (2014)). In particular, for tensile 
stresses, the thermal gradient is negative and the variations are proportional to the stress applied in purely elastic 
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Many studies, conducted using thermal scanners and image analysis, have shown that the thermoelastic effect is 
also detectable under sta ic load, even if with different thermoelastic param ters (Geraci et al. (1995), Clienti et al.
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phase. As the load increases, however, the linear correspondence is lost, until the gradient becomes positive in the 
plastic phase. It is possible, therefore, identify the area in which the thermoelastic effect (negative, characteristic of 
pure elasticity) is accompanied by a distortion (positive) due to the beginning of a localized plastic phase, able to alter 
the linear thermoelastic response. This area of local plasticity corresponds to the phase of the crack nucleation. 
Therefore, according to the fatigue limit concept expressed in Geraci et al. (1995), Clienti et al. (2010), Risitano et al. 
(2011, 2015) it can be connected to the identification of the first elastic limit, not detectable by traditional static curves. 
One of the problems that occur in following the local thermal behavior in a static test is that of dimensional 
correction and tracking of the measuring point. In the presence of notches, in particular, the displacement of the pixels, 
on which at the beginning of the test the measuring spots have been positioned, does not allow a reliable geometric 
corrections due to the displacements and the deformation of the specimen during the test. An approximate correction, 
based on the theoretical calculation of elongation and Poisson’s effect is often not sufficient. 
Purpose of this paper, based on previous experience, is to correlate the thermographic survey with the 
displacements arising from the Digital Image Correlation method (D.I.C.), simultaneously performed on the same 
samples. This procedure can better define the trend of temperature changes due to the stress concentration effects or 
corresponding to the first local plasticization, especially in cases in which the geometry of the sample and the type of 
material can accentuate the errors. 
2. Experimental investigation 
Several specimens in plastics with different notches were tested under static conditions, in displacement control 
with constant cross-head speed. The data of the testing machine (force by the load cell and displacement by the cross-
head position transducer) were detected together with the thermal and D.I.C. information contemporaneously. Thermal 
and D.I.C. images were acquired by the thermal camera and the video camera placed on both the flat sides of the 
specimen recording, then, on opposite sites. 
A series of specimens of 130 mm free length, with through hole with different dimensions of the hole (4.0, 5.5 and 
8.0 mm), derived from rectangular bars (24 mm x 3 mm x 200 mm) of plastic material (PVC), then with different hole 
diameter/plate width ratios (0.16 , 0.23 and 0.33) were subjected to static load, under displacement control, constant 
speed (0.5-2 mm/min) with the Instron 8872 testing machine. 
The thermal images were acquired by a FLIR SC3000 thermal camera operating in the Long Wave Thermal 
Infrared (LWIR) with 20x15 degrees field of view and macro (with appropriate lenses) at a speed of 1 fps. 
The D.I.C. images were obtained by treating the surface with a random pattern made with airbrush, using a special 
setup with a PIXELINK camcorder with 35mm macro lens, a LED lighting system specially designed ring (to 
minimize interference with the camera), systems synchronization and a dedicated software for acquiring and 
processing images (Fig. 1). 
 
 
Fig. 1. Experimental setup on Instron 8872. 
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The data relating to the load and displacement, provided by the test machine, were then stored together with the 
corresponding images in the visible and in the infrared in order to allow a correct match. The D.I.C. analysis of the 
images for the determination of the displacements was carried out using a suitable software developed in Matlab. 
The part of the experimental work relating to the determination of the displacement field and full field deformation 
of the test specimens can be synthesized in the following phases: preparation of the specimen surface, image 
acquisition during testing, D.I.C. analysis. 
The speckle surface on the specimen was made using two different types of acrylic paint: white to obtain a 
sufficiently homogeneous background and black to achieve the pitting random high contrast against the background. 
For each test a set of images in sequence at a frequency of 1Hz has been acquired. 
2.1. Digital Image Correlation procedure 
As first analysis, the displacement field in a relatively extended zone around the notch was determined, in order 
to assess variation of displacements and deformations over the entire area of interest during the various stages of the 
test (Orteu et al. (2008), Rossi et al. (2008), Chrysochoos et al. (2010)). Thus, it was possible to correct the position 
of the thermal image of the measuring point, and, consequently, the static curve of temperature, obtaining more reliable 
values of the thermal behavior in an increasing load static test, especially in notched areas. 
It was identified, for each specimen, the most stressed section (maximum deformation) through a grid around the 
axis of the hole consisting of 23 rows and 11 columns, then a grid formed by 24 horizontal sections located between 
them at a distance of 10 pixels, and 12 vertical sections at a distance of 5 pixels. Then, the local deformations were 
measured for each of the 11 columns of the grid according to the load direction (Fig. 2a-f). The higher average 
deformation was found for the column 6, in correspondence with the hole, perpendicular to the direction of load 
application, thus confirming the effect of stress concentration and deformations. As an example, Fig. 2 shows the case 
relative to the specimen with the 8 mm hole. 
Therefore, it was decided to perform the correlation identifying four characteristic points, P1, P2, P3 and P4, 
placed on the axis of the hole at different distances from the hole edge as shown in Table 1. Time sequences of 
displacements of the points were measured. At the same points, trends of the temperature vs. time were also analyzed. 
 
Fig. 2a. Measure points. 
 
Table 1: D.I.C. measure points. 
 
 
 
Point 
Distance from the 
hole border [mm] 
P1 0,38 
P2 2,97 
P3 5,19 
P4 7,43 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2b. 23x11 D.I.C. grid. 
 
Fig. 2c. Elastic deformation. 
Fig. 2e. Map of displacements 
for Fig. 2c. 
Fig. 2d. Plastic deformation. 
Fig. 2f. Map of displacements 
for Fig. 2d. 
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2.2. Thermographic analysis (T.A.) 
The thermal images were acquired along the whole specimen life. Particular attention was obviously dedicated to 
the elastic phase (Fig 3). The thermal maps were obtained using FLIR ThermaCAM Researcher, which allows the 
radiometric acquisition overall the entire thermal image. This has enabled, following Matlab conversion, to define 
process and correlate the static and dynamic thermal profile of the spots corresponding to the points identified with 
the D.I.C. maps. 
 
Fig. 3: Thermal image with the spots highlighted. 
2.3. Correlation between D.I.C. and T.A. 
Because of the different resolution and magnification of the camera (1600x1200 pixels) and the thermal scanner 
(320x240 pixels), it was not possible, with the instruments at our availability, set the same magnification, so to have 
the same correspondence between the two images (optical and thermal). Then, a pixel in the image processed by D.I.C. 
corresponds to a fraction of a pixel in the thermal image. The scale  factor, defined as the ratio between the size of a 
pixel of the image D.I.C. and that of a pixel of the thermogram, is reported in Table 2. 
To improve the correlation, so mitigating the problem of different resolution of the devices, it was assumed that 
the temperature between two adjacent pixels, in the thermal image, changes according to a linear law, so that even the 
temperature was calculated for the fractions of pixels. 
 
Table 2. Scale factor 
Hole [mm] 8 5,5 4 
Scale factor  0,121  (≈ 1/8) 0,061  (≈ 1/16) 0,075  (≈ 1/13) 
 
3. Results and discussion 
As an example, the correlation carried out for the specimen with hole with diameter 5.5 mm is shown in Fig. 4, 
relatively to the point P1 closer to the edge of the hole where first the phenomena of thermoelasticity and elasto-plastic 
transition manifest. The graph of Fig. 4 shows the comparison between the heat release at the  point P1 of the static 
procedure (that is devoid of D.I.C. adjustment), and the dynamic one. The thermo-elastic phenomenon is more 
emphatic in the dynamic case than in the static. This allows a better observation of the first change of slope, useful for 
the determination of fatigue limit. In addition, considering the yield point (in terms of force) corresponding to that 
load value for which the specimen manifests positive thermal gradients (the minimum of the thermal curve), 
significant differences between static and dynamic procedures were also detected. 
 G. La Rosa et al. / Procedia Structural Integrity 2 (2016) 2140–2147 2143 G. La Rosa et al./ Structural Integrity Procedia 00 (2016) 000–000  3 
The data relating to the load and displacement, provided by the test machine, were then stored together with the 
corresponding images in the visible and in the infrared in order to allow a correct match. The D.I.C. analysis of the 
images for the determination of the displacements was carried out using a suitable software developed in Matlab. 
The part of the experimental work relating to the determination of the displacement field and full field deformation 
of the test specimens can be synthesized in the following phases: preparation of the specimen surface, image 
acquisition during testing, D.I.C. analysis. 
The speckle surface on the specimen was made using two different types of acrylic paint: white to obtain a 
sufficiently homogeneous background and black to achieve the pitting random high contrast against the background. 
For each test a set of images in sequence at a frequency of 1Hz has been acquired. 
2.1. Digital Image Correlation procedure 
As first analysis, the displacement field in a relatively extended zone around the notch was determined, in order 
to assess variation of displacements and deformations over the entire area of interest during the various stages of the 
test (Orteu et al. (2008), Rossi et al. (2008), Chrysochoos et al. (2010)). Thus, it was possible to correct the position 
of the thermal image of the measuring point, and, consequently, the static curve of temperature, obtaining more reliable 
values of the thermal behavior in an increasing load static test, especially in notched areas. 
It was identified, for each specimen, the most stressed section (maximum deformation) through a grid around the 
axis of the hole consisting of 23 rows and 11 columns, then a grid formed by 24 horizontal sections located between 
them at a distance of 10 pixels, and 12 vertical sections at a distance of 5 pixels. Then, the local deformations were 
measured for each of the 11 columns of the grid according to the load direction (Fig. 2a-f). The higher average 
deformation was found for the column 6, in correspondence with the hole, perpendicular to the direction of load 
application, thus confirming the effect of stress concentration and deformations. As an example, Fig. 2 shows the case 
relative to the specimen with the 8 mm hole. 
Therefore, it was decided to perform the correlation identifying four characteristic points, P1, P2, P3 and P4, 
placed on the axis of the hole at different distances from the hole edge as shown in Table 1. Time sequences of 
displacements of the points were measured. At the same points, trends of the temperature vs. time were also analyzed. 
 
Fig. 2a. Measure points. 
 
Table 1: D.I.C. measure points. 
 
 
 
Point 
Distance from the 
hole border [mm] 
P1 0,38 
P2 2,97 
P3 5,19 
P4 7,43 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2b. 23x11 D.I.C. grid. 
 
Fig. 2c. Elastic deformation. 
Fig. 2e. Map of displacements 
for Fig. 2c. 
Fig. 2d. Plastic deformation. 
Fig. 2f. Map of displacements 
for Fig. 2d. 
4 G. La Rosa et al./ Structural Integrity Procedia  00 (2016) 000–000 
2.2. Thermographic analysis (T.A.) 
The thermal images were acquired along the whole specimen life. Particular attention was obviously dedicated to 
the elastic phase (Fig 3). The thermal maps were obtained using FLIR ThermaCAM Researcher, which allows the 
radiometric acquisition overall the entire thermal image. This has enabled, following Matlab conversion, to define 
process and correlate the static and dynamic thermal profile of the spots corresponding to the points identified with 
the D.I.C. maps. 
 
Fig. 3: Thermal image with the spots highlighted. 
2.3. Correlation between D.I.C. and T.A. 
Because of the different resolution and magnification of the camera (1600x1200 pixels) and the thermal scanner 
(320x240 pixels), it was not possible, with the instruments at our availability, set the same magnification, so to have 
the same correspondence between the two images (optical and thermal). Then, a pixel in the image processed by D.I.C. 
corresponds to a fraction of a pixel in the thermal image. The scale  factor, defined as the ratio between the size of a 
pixel of the image D.I.C. and that of a pixel of the thermogram, is reported in Table 2. 
To improve the correlation, so mitigating the problem of different resolution of the devices, it was assumed that 
the temperature between two adjacent pixels, in the thermal image, changes according to a linear law, so that even the 
temperature was calculated for the fractions of pixels. 
 
Table 2. Scale factor 
Hole [mm] 8 5,5 4 
Scale factor  0,121  (≈ 1/8) 0,061  (≈ 1/16) 0,075  (≈ 1/13) 
 
3. Results and discussion 
As an example, the correlation carried out for the specimen with hole with diameter 5.5 mm is shown in Fig. 4, 
relatively to the point P1 closer to the edge of the hole where first the phenomena of thermoelasticity and elasto-plastic 
transition manifest. The graph of Fig. 4 shows the comparison between the heat release at the  point P1 of the static 
procedure (that is devoid of D.I.C. adjustment), and the dynamic one. The thermo-elastic phenomenon is more 
emphatic in the dynamic case than in the static. This allows a better observation of the first change of slope, useful for 
the determination of fatigue limit. In addition, considering the yield point (in terms of force) corresponding to that 
load value for which the specimen manifests positive thermal gradients (the minimum of the thermal curve), 
significant differences between static and dynamic procedures were also detected. 
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Fig. 4. Comparison of the static and dynamic thermal differences for the specimen with 5.5 mm hole. 
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𝜌𝜌𝑐𝑐𝑝𝑝
 = 3.62 x 10-5 MPa-1              (3) 
where the thermodynamic parameter can be deducted by the values presented in Table 3. 
 
At each time t, the ratio of the sum of the main stresses depends only on the ratio of the respective changes in 
temperature because the thermoelastic constant and the room temperature are the same for both points, and then: 
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Table 4 shows the percent errors in elastic and plastic phases between the two evaluations, static and dynamic, in 
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Table 4. Average and maximum errors of the temperature variations in elastic and plastic phases.  
Hole [mm] e% ave elastic e% max elastic  e% ave plastic e% max plastic 
8 26% 142%   60% 254%   
5,5 32% 171%   14% 126%   
4 52% 252%   57% 417%   
 
In Fig. 5 the sum of stresses at the point P1, calculated based on the fundamental principle thermoelastic effect 
with respect to static and dynamic thermal curves, are represented. 
 
 
 
Fig. 5: Sum of the principal stresses calculated by 
                 static and                dynamic procedure. 
A = 8 mm hole, B = 5.5 mm hole, C = 4 mm hole. 
 
Fig. 6. Measuring points. 
Let us consider four points of the specimen, as represented in Fig. 6: 
PF = point close to the hole 
PM = mean point on the necking section A-A’ 
PB = point near the border 
PL = point far from the notching effects. 
It can be observed that the stress concentration, with respect to a PL point away from the hole, occurs, in order, at 
the point PF near the hole, at the point PM placed on one half of the section A-A', finally at the point PB on the edge 
of the specimen. In addition it can be observed that also the yield strength of the points always occurs in the same 
order: first the point PF near the hole, followed by the point PM, and PB then last for PL (Fig. 7). 
The stress concentration factors and the stress increases in the above points, according to the experimental stress 
analysis based on the effect thermoelastic, were obtained. The thermographic curves were corrected  by means of 
D.I.C. displacements. In Table 5 the average values of the following ratios, calculated at each value of time t in the 
elastic phase, were summarized: 
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Fig. 4. Comparison of the static and dynamic thermal differences for the specimen with 5.5 mm hole. 
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Fig. 7. Temperature value in the four points of Fig. 6. 
Top left: specimen with 8 mm hole. 
Top right: specimen with 5.5 mm hole. 
Bottom left: specimen with 4 mm hole. 
 
Table 5 reports the mean values, together with the ratio between the nominal cross area A0 and the net one A. 
 
Table 5: Mean ratios between the temperature differences at the measuring points. 
Hole 
[mm] 
(
𝛥𝛥𝛥𝛥𝑃𝑃𝑃𝑃
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𝑎𝑎𝑎𝑎𝑎𝑎
 
8 2,386 1,391 1,576 24/16 = 1.5 3,373 
5,5 2,046 1,317 1,354 24/18.5 = 1.3 2,656 
4 1,736 1,240 1,259 24/20 = 1.2 2,084 
 
It is possible to highlight that the ratios TPB/TPL are very close to the ratios A0/A, demonstrating that, in the point 
PB at the border, the stress concentration due to the hole presence is almost negligible. Then, the ratios referred to the 
point PL can be considered as notch effect related to the nominal area A0, while those referred to the point PB represent 
the notch effect related to the net cross area A. 
Finally, the mean ratios of the thermal variations for the correlated (dynamic) and uncorrelated (static) curves were 
shown (Table 6) with the mean ratios of the strain measured by D.I.C. in the points PF, PM, PB e PL (Table 7). 
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Table 7. Mean ratios of the strain measured by D.I.C. 
Hole 
[mm] 
(
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑀𝑀
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 
8 2,473 1,467 1,625 3,581 
5,5 2,256 1,387 1,402 2,899 
4 1,702 1,233 1,285 2,376 
 
Comparing the results shown in Tables 6 and 7, it can be observed that, in general, the average ratios of the strains 
are closer to the average ratios of temperature changes, confirming the validity of the proposed methodology. 
4. Conclusions 
The tests conducted have shown that D.I.C. is a valuable methodology in measuring deformations and absolute 
displacements of the points during the test. It allows following the position of the point of measurement in the thermal 
image, moving because of deformation and, consequently, it is able to correct the static curve of temperature, obtaining 
more reliable values of the thermal behavior, especially in the notched zones. The main feature of the methodology is 
to be able to operate in full field, thus allowing a correction in real time of the whole zone and, in particular, of the 
measuring points. 
The results of the analysis of D.I.C.-T.A. correlation, performed on drilled PVC specimens, showed an actual 
deviation between the profiles of correlated thermal curves and those relating to the fixed spot, especially in areas 
where there is a high deformation gradient. 
Refer to the correlated thermal curve allows to better characterize the mechanical state of the material and avoid 
underestimating the stresses. 
The comparison among the D.I.C. and the thermographic stress concentration factors (as ratios between 
temperature or strain in notched and unnotched zones) shows how the effect of following the point and correcting the 
thermal curves can significantly improve the reliability of the measures. 
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𝛥𝛥𝛥𝛥𝑃𝑃𝑃𝑃
)
𝑎𝑎𝑎𝑎𝑎𝑎
 (
𝛥𝛥𝛥𝛥𝑃𝑃𝑃𝑃
𝛥𝛥𝛥𝛥𝑃𝑃𝑃𝑃
)
𝑎𝑎𝑎𝑎𝑎𝑎
 
Correlated 
Curve 
Uncorrelated 
Curve 
Correlated 
Curve 
Uncorrelated 
Curve  
Correlated 
Curve 
Uncorrelated 
Curve  
Correlated 
Curve 
Uncorrelated 
Curve 
8 2,386 2,045 1,391 1,32 1,576 1,525 3,373 2,651 
5,5 2,046 1,791 1,317 1,278 1,354 1,319 2,656 2,187 
4 1,736 1,308 1,240 1,206 1,259 1,247 2,084 1,474 
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Table 7. Mean ratios of the strain measured by D.I.C. 
Hole 
[mm] 
(
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑀𝑀
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 (
𝜀𝜀𝑃𝑃𝑃𝑃
𝜀𝜀𝑃𝑃𝑃𝑃
)
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
 
8 2,473 1,467 1,625 3,581 
5,5 2,256 1,387 1,402 2,899 
4 1,702 1,233 1,285 2,376 
 
Comparing the results shown in Tables 6 and 7, it can be observed that, in general, the average ratios of the strains 
are closer to the average ratios of temperature changes, confirming the validity of the proposed methodology. 
4. Conclusions 
The tests conducted have shown that D.I.C. is a valuable methodology in measuring deformations and absolute 
displacements of the points during the test. It allows following the position of the point of measurement in the thermal 
image, moving because of deformation and, consequently, it is able to correct the static curve of temperature, obtaining 
more reliable values of the thermal behavior, especially in the notched zones. The main feature of the methodology is 
to be able to operate in full field, thus allowing a correction in real time of the whole zone and, in particular, of the 
measuring points. 
The results of the analysis of D.I.C.-T.A. correlation, performed on drilled PVC specimens, showed an actual 
deviation between the profiles of correlated thermal curves and those relating to the fixed spot, especially in areas 
where there is a high deformation gradient. 
Refer to the correlated thermal curve allows to better characterize the mechanical state of the material and avoid 
underestimating the stresses. 
The comparison among the D.I.C. and the thermographic stress concentration factors (as ratios between 
temperature or strain in notched and unnotched zones) shows how the effect of following the point and correcting the 
thermal curves can significantly improve the reliability of the measures. 
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